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INTRODUCTION
Under some circumstances, the level of active oxygen species such as superoxide radicals and hydrogen peroxide (H202), increases overwhelmingly above the basal level of scavenging capacity of cells, giving rise to oxidative stress conditions [1] [2] [3] . This can be brought about by H202 or superoxide generators. Bacterial cells respond to such oxidative stress by invoking stimulons specific to each type of stress2'"~. When stressed under elevated levels of H202, E. coli cells respond by inducing more than 40 proteins2,'s>. At least nine of the major peroxide stress proteins are regulated by the product of the oxyR regulator genel, [9] [10] [11] [12] , and thus mutants with the oxyR gene deleted (oxyA3) do not induce them" 1). Catalase/hydroperoxidase I (HPI, encoded by katG gene), glutathione reductase (gor), alkyl hydroperoxide reductase (ahpC-ahpF) and some heat shock proteins are among these proteins2•¢'•13'. Demple and Halbrook14), as well as Fan et al.'S) have reported the induction of a repair capacity by peroxide stress. An excision repair pathway may be induced in E. coli by exposure to low doses of ionizing radiation16). However, whether peroxide stress actually induces DNA repair remains to be determined. We examined the effect of exposing cells to a sub-lethal dose of H202 on survival after exposure to X-rays, UV and mitomycin C and the capacity of host cell reactivation of H202 damaged ? phage in E. coli.
MATERIALS AND METHODS
Bacteria and media. Bacterial strains used in this study were derivatives of E. coli K12. AB 1157 (thr-I leu-B6 A (gpt-proA2) his-G4 argE3 thi-1 lacYi galK2 ara-14 xyl-S mtl-1 tsx-33 rpsL31 supE44 rac), KS56
(also known AB 1157 and oxyA3), KS58 (also known AB 1157 and katG::Tn10). P1 transduction was performed according to Miller 17) . Bacterial cells were incubated at 37°C in LB medium containing 10 g polypeptone (Daigo, Osaka, Japan), 5 g Yeast Extract (Difco, Detroit, USA) and 5 g NaCI in 1,000 ml of distilled water (pH 7.2).
E. coli exposure to H202. Overnight-cultures of bacterial cells were diluted 100 fold into fresh LB medium and incubated at 37°C until the optical density at 600 nm reached about 0.2. H202 (Wako Pure Chemicals, Osaka, Japan) was added at a sub-lethal dose of 30 µM, to the cell suspensions and incubated at 37°C for 30 min.
Irradiating E. coli cells with X-rays and UV. X-irradiation: The cells were harvested, washed twice and resuspended in phosphate-buffered saline (PBS, pH 7.2). Cells were irradiated with X-rays at room temperature, using an X-ray machine (Toshiba KXC-19-2, Tokyo, Japan) operated at 180 KVp, 20 mA. The dose rate was 6 Gy/min, estimated by Fricke dosimetry. Cell suspensions in PBS were irradiated with UV (254 nm) from germicidal lamps (15W x2) (Hitachi, Tokyo, Japan) at a dose rate of 10 J/m2/sec. Thereafter, the cell suspensions were diluted and seeded on LB plates containing 1.5% agar (Difco, Detroit, USA) .
After an incubation at 37°C for about 18 hr, the number of colonies on the plates was counted to estimate survival.
Host cell reactivation of H202-damaged phage. Lambda phages were incubated at room temperature for 15 min in 10 mM phosphate buffer (pH 7.4) containing H202 at various concentrations and 20 tM CuC12. E. coli cells incubated with or without 30 tM H202 were infected with ? phages and plated on X plates"). After incubation at 37°C for about 18 hr, the number of plaques was counted to estimate phage survival.
RESULTS
Acquisition of X-ray resistance by peroxide stress When exposed to low doses of H202, E. coli cells acquire resistance to subsequent challenges with H2022'4'7'9,'' This response is largely dependent on the oxyR regulatory gene' 12~. The induction of catalase/ hydroperoxidase I (HPI), encoded by the katG gene'"), is a primary mechanism for this response24,"). In the present study, we examined the effect of 30 µM H202 on survival of E. coli cells following subsequent X irradiation. Fig. 1 shows that H202 significantly increased the survival of E. coli following X-irradiation. The response was inhibited by rifampicin and chloramphenicol (Fig. 1) , indicating that it was induced at the transcriptional level.
The peroxide stress response did not require the katG gene or the oxyR-mediated regulatory function, because mutations in these genes did not inhibit enhanced survival after X-irradiation ( Table 1) . As shown in Fig. 2 , the sensitivity of E. coli katG and oxyR mutants was the same as that of the wild-type. Therefore, the enhanced survival might derive from an induced DNA repair capacity.
Increased capacity of host cell reactivation
Host cell reactivation (HCR) of damaged phages is a useful means of assessing repair capacity in E. coli cells2"19-21). We examined the capacity of HCR to repair X phage damaged by exposure to H202 in E. coli cells exposed or not to 30 sM H202. The results are shown in Fig. 3 . Phage survival was significantly higher on host cells exposed to H202 than on untreated cells, indicating that the peroxide stress response includes an increased DNA repair capacity. On the other hand, incubating with H202 did not influence the survival of E. coli cells following UV irradiation and mitomycin C ( Table 2 ). In addition, the capacity of cells exposed to H202 was not increased in terms of reactivating a, phage damaged by UV-irradiation (data not shown).
DISCUSSION
The present experiments demonstrated that exposure to a low dose of H202 enhanced the survival of E.
coli cells after X-irradiation ( Fig. 1 ) and enhanced the capacity of HCR for H202-damaged ? phage (Fig. 3 ) in E. coli. Furthermore, mutations in the katG gene, of which induction is a major cause of the adaptive response to a subsequent challenge with the agent2.4'"', did not affect this peroxide stress response (Table 1) . Therefore, we concluded that the peroxide stress response includes an increased DNA repair capacity. This response was not due to recA+ gene-regulated SOS functions"), because H202-induced resistance to X-rays was not dependent on recA gene function (data not shown).
The oxyR gene positively regulates the expression of at least nine peroxide stress-induced proteins such as HPI, alkyl hydroperoxide reductase and glutathione reductase, in E. coli2,4,7,9-'2'. OxyR protein acts as both a sensor and as a transducer in the peroxide stress response10•22'. In the oxyR mutant therefore, these proteins are not induced by low doses of H202, and oxyR mutants are highly sensitive to the agent2.4""'. Our results showed that the enhanced X-ray survival (Table 1 ) and increased capacity of HCR did not depend on the oxyR functions (data not shown). Therefore, E. coli may have other sensing and regulatory systems for the peroxide stress response.
The nature of oxidative stress-inducible repair remains unknown. The DNA repair mechanism induced by peroxide is specific for DNA oxidatively damaged by X-rays and H202, since peroxide stress did not enhance survival after exposure to UV and mitomycin C ( Table 2 ). Low doses of ionizing radiation induce an excision repair pathway, possibly a DNA glycosylase16'. It is of interest to identify inducible repair capacities in E. coli. Ionizing radiation and H202 cause GC to CG, GC to TA and AT to CG transversion mutations, predominantly GC to CG, in E. coli23,24). The cause of the damage of guanine and/or cytosine which leads to GC to CG transversions, remains unknown. Such oxidative base damage might be a substrate for an inducible repair pathway. The damage that causes GC to CG transversions and their repair pathways are under investigation in our laboratory.
